Captive male Neotomodon alstoni exhibit paternal care. We tested whether presence of the male in the nest during the postpartum and weaning periods affect maternal care and promoted survival and growth of the offspring. For captive N. alstoni pairs (n ¼ 10) both parents were maintained in the nest until weaning of the young, and in another 10 pairs the male was removed shortly after birth of young. The presence of the male had a negative impact on the time spent by females in huddling with nursing young. In the presence of the male, females groomed and sniffed young less frequently than did females rearing young in the absence of the male. Survival of offspring (84%) and their growth (20.6 6 4.7 g) was significantly higher when both parents reared their young. Males provide additional care of young, allowing a higher quality of care by the female during rearing.
Paternal behavior has been little studied in mammals, but it is known that in some species the male provides care to its offspring (Kleiman and Malcolm 1981) . In rodents, the female takes care of the young, whereas the role of the male varies from complete absence of paternal attention to extensive care of the young (Elwood 1983; Gubernick and Alberts 1989; Kleiman and Malcolm 1981) . Variable male parental care might be correlated with social structure and mating system (Elwood 1983) . Males of species that have monogamous bonds display parental investment that involves their offspring, whereas parental care does usually not occur in species with promiscuous males. In species with biparental care and under specific laboratory conditions, presence of the male during the suckling period when paternal care is provided is usually associated with low levels of maternal activities and higher survival and enhanced development of the offspring (Cantoni and Brown 1997; Elwood 1983 ).
For example, in females of the California mouse (Peromyscus californicus) that rear their offspring in a cold environment, survival and growth of the offspring is higher when the male is present (Gubernick et al. 1993) . Male presence during the nursing period might not only influence survival and development of the young, but could also influence maternal activities. In the meadow vole (Microtus pennsylvanicus) the female remains with the young longer when the male is present, because the female reacts aggressively when the male approaches the nest (Wang and Novak 1992) . The presence of the male associated with low levels of maternal activity has also been recorded in the Norway rat (Rattus norvegicus -Calhoun 1962) and in the Mongolian jird (Meriones unguiculatus- Elwood and Broom 1978; Wang and Novak 1992) . The prairie vole (Microtus ochrogaster) is a monogamous species in which the male participates in rearing the young, but its presence has no apparent effect on maternal activities (Wang and Novak 1992) .
Captive males of the volcano mouse (Neotomodon alstoni) from central Mexico display parental care and exhibit all components of maternal behavior except suckling (Luis et al. 2000) . Particularly, fathers participate more than mothers in behavioral displays such as huddling, grooming, and sniffing. However, neither the performance of females alone nor the role of male care in offspring survival has been tested in the volcano mouse.
Male care of young is important for offspring survival and is likely a driving process behind the evolution of paternal investment (Kleiman 1977) . Accordingly, we predicted that active participation of male volcano mice during the postpartum period might influence maternal behavior and enhance development and survival of offspring. Secondly, the mating system of the volcano mouse is monogamous; therefore this social structure might be driven by biparental care (Luis et al. 2000) . The aim of this paper is to compare behavioral displays postpartum between single females and females paired with males, and observe offspring survival rates of captive volcano mice young under these two conditions.
MATERIALS AND METHODS
Volcano mice were caught with Sherman traps (Tallahassee, Florida) baited with oat flakes in the open meadows of bunchgrass (Festuca, Stipa, and Muhlenbergia) in a pine forest on Volcano Ajusco, 2 km SE by road from Parres, Delegación Tlalpan, México, Distrito Federal, México, 3,000 m above sea level. Mice were transported to the laboratory of the Animal Care Unit of Facultad de Ciencias, Universidad Nacional Autónoma de México, Mexico City (elevation 2,240 m), and kept under a photoperiod of 14L:10D (onset light at 0600 h) and ambient temperature (17-208C).
Two mice of the same sex were placed in transparent nesting acrylic cages (17 Â 15 Â 12 cm) with sawdust as bedding. They were fed Purina Nutricubes (Manna Pro Corporation, Kansas City, Kansas) for small rodents and tap water ad libitum. After a 30-day period 20 pairs were mated between October 2000 and February 2001. In 10 pairs the male was separated from the female 12-14 h postpartum. In the remaining 10 pairs the male remained with the female until weaning (30 days after parturition). Males were depilated in a small dorsal region so observers could easily distinguish them from females. Observations on parental behavior were performed under red light during 30-min periods between 2000 and 0200 h, when animals were most active (Cervantes et al. 1989) . Observations were made directly by 1 observer, who was stationed 50 cm from the cage under observation.
The following activities were recorded for both groups during the first 30 days postpartum (after Luis et al. 2000) : huddling time, frequency and duration of grooming, sniffing, and nest maintenance, and time spent in the nest. Young were weighed at weaning (28-30 days old) and survival rate calculated. Maternal activity data were grouped in 3-day observation periods ( X X 6 SD), because daily activity of females was infrequent. Two-way analysis of variance (ANOVA) with repeated measures, Student's t-test, chi-square test, and simple linear regression were performed on all data (Zar 1974) .
RESULTS
Solitary females spent significantly more time huddling young than did females with the male in the nest (F ¼ 64.54, d.f. ¼ 1, 9, P ¼ 0.0000; Fig. 1a) . Furthermore, time of huddling by the female was significantly correlated with age of young both in absence (r ¼ À0.81, P ¼ 0.000) and presence of the male (r ¼ À0.46, P ¼ 0.00). The correlation of time of huddling and age of young was higher in females that reared young alone. The female stopped huddling pups between days 27-28 postpartum regardless of the presence of the male.
Time spent nursing young was significantly longer when the male was not present (F ¼ 32.32, d.f. ¼ 1, 9, P ¼ 0.000; Fig.  1b) . Nursing time significantly correlated with age of the young with solitary females (r ¼ À0.31, P ¼ 0.00), whereas in the presence of the male the correlation was not significant (r ¼ 0.06, P ¼ 0.40).
The frequency of grooming young was significantly higher when females cared for offspring alone than in the presence of the male (F ¼ 41. 93, d.f. 1, 9, P ¼ 0.0000; Fig. 1c) . However, time spent grooming young was not significantly different The female sniffed young at a higher frequency (F ¼ 27.96, d.f. ¼ 1.9, P ¼ 0.000; Fig. 1d ) and for a longer duration (t ¼ 2.31, d.f. 48, P ¼ 0.025), and the frequency with which the female sniffed young was inversely correlated with age of offspring (r ¼ À0.27, P ¼ 0.0006) when the male was absent. On the other hand, there was no significant difference in frequency of nest maintenance between presence and absence of the male (F ¼ 0.02, d.f. ¼ 1, 9, P ¼ 0.80). In addition, the time spent by the female maintaining the nest was not significantly different when left alone or with the male (3.15 6 2.40 and 2.15 6 1.34 s, respectively; t ¼ 1.31, d.f. ¼ 24, P ¼ 0.20). The time that the female remained in the nest in the absence of the male was significantly longer (F ¼ 35.3, d.f. ¼ 1, 9, P ¼ 0.000) than when the male was present.
Both survival rate and body mass of young were higher when the male was present. Offspring survival to weaning for females alone in the nest was 46.4% (n ¼ 28), but survival rate nearly doubled (84%, n ¼ 25) when the male was present. This difference was significant (v 2 ¼ 6.6, d.f. ¼ 1, P ¼ 0.01). Young reared only by the mother had a mean body weight of 17.4 6 4.1 g, whereas those that grew up in the presence of both parents exhibited a significantly larger average body weight of 20.6 6 4.7 g (t ¼ 2.33, d.f. ¼ 38, P ¼ 0.025).
DISCUSSION
During our observations, male and female volcano mice built a nest together and remained close to each other. Moreover, no aggression between parents was observed. We found that although the female provided less care to her offspring in the presence of the male, offspring gained weight and survived better than if the male were absent. Care provided by both parents increased the survival of their offspring. This is consistent with previous findings by Luis et al. (2000) who observed that 19 pairs of volcano mice shared single nests during a 30-d period and males exhibited paternal care. In contrast, male and female red-backed voles (Clethrionomys gapperi) build and maintain separate nests, and display variation among females in their response to males in the vicinity of the natal nest (McGuire 1997) .
Huddling provided by rodent females improves offspring survival because young do not have the capacity to regulate their body temperature until shortly before weaning (Hill 1972) . The presence of the male in the nest helps provide heat, which is essential in the successful development of the litter (Elwood and Broom 1978) . In the California mouse (P. californicus), male huddling extended survival of young by several days in the absence of the mother (Dudley 1974) . Male volcano mice spend more time huddling with young than females (Luis et al. 2000) . Our data showed that females huddled for longer times when males were absent than when males were present. It is likely that females need to increase huddling behavior to compensate for the heat that males would have provided for offspring maintenance under natural conditions. Females without males in the same nest increased their investment in huddling activities in the absence of the male. As expected, female huddling decreased as the young matured. This decrease was more pronounced in solitary females than in females paired with males. We also found that regardless of whether or not a male was present, female huddling ended after the 4th week postpartum, an observation consistent with those of Luis et al. (2000) .
In the absence of males, female volcano mice spent more time nursing, and sniffed and groomed their young more frequently than females rearing young in the presence of males. More nursing time by solitary females might have resulted from more frequent sniffing and grooming, and thus more huddling time, which allowed the young to nurse opportunistically. This also helps explain significant correlations between nursing and sniffing times with age of the young when the male is not present. The first days after parturition, maternal care peaks and then decreases to the end of nursing when grown young are close to weaning. Similar to female huddling, reduction in nursing, sniffing, and grooming might be a consequence of reduced female workload due to the presence of males. Males in the nest with females spend substantial time in the nest with young, providing care. These results are consistent with observations in the red-backed vole, C. gapperi (McGuire 1997) , in which males sit in contact with young and reduce the time females need to devote to maternal behavior. Similarly, nursing time is decreased when male Djungarian hamsters, Phodopus campbelli, are in the nest (Walton and Wynne-Edwards 1998) . In this species the presence of the male prevents lactating females from becoming hyperthermic, due to their contact with the young because the male takes over huddling.
We observed that when the female volcano mouse was away from the nest the male remained with the young. In addition, females that reared litters alone remained longer at the nest than those where males were also present. This finding agrees with the observation that P. campbelli mothers that are solitary leave their nests less often than those that are accompanied by a male (Wynne-Edwards 1995) . In contrast, we found that female activities of nest maintenance were not associated with the presence or absence of males in volcano mice.
Young of volcano mice raised by both parents reached a larger body mass at weaning than those reared by females alone. Similarly, meadow voles (Microtus pennsylvanicus) and Djungarian hamsters (P. campbelli) under captive conditions reared by both females and males gained more weight than those raised only by the female (Wang and Novak 1992; Wynne-Edwards 1987; Wynne-Edwards and Lisk 1989) .
In addition, offspring survival of the volcano mouse in the presence of the male was nearly twice that of litters weaned in the male-absent groups. Therefore, it is likely that larger body weight is correlated with higher survival in volcano mouse litters. Similar results have been reported for the meadow vole (M. pennsylvanicus- Storey and Snow 1987) and California mouse (Peromyscus californicus), where almost half as many litters survived in a male-absent group as in a male-present group in cold ambient temperatures (Gubernick et al. 1993) . The latter species also showed that 4 times as many young are reared in the presence of the male as when a female reared them on her own (Cantoni and Brown 1997) .
Our data indicate that paternal behavior of the volcano mouse largely contributes to reproductive success. Male behavior not only provides required care to the young but also helps reduce maternal energy expenditure that can be translated into a higher milk production for the offspring. Therefore, the presence of male volcano mice in the postpartum period is associated with a reduction in maternal activities, which is congruent with an active participation of the male in the care of the young. The outcome is larger body mass and higher survival rate of the young. The presence of the father volcano mouse, therefore, improves survivorship of young in captivity.
The positive effect of the presence of the male on offspring growth and survival in several monogamous rodent species has led to the hypothesis that male care has evolved because paternal investment enhances offspring survival under natural conditions (Gubernick et al. 1993 ). If our observations on captive specimens are a reference to understanding behavioral patterns in natural conditions, then we can hypothesize that the evolution of paternal investment in the volcano mouse is linked to the improvement of offspring survival. Further research may provide additional insight into whether or not male presence increases offspring survivorship to such an extent that parental investment outweighs the costs of fewer mating opportunities, as proposed for the California mouse (Peromyscus californicus- Gubernick et al. 1993 ).
RESUMEN
Los machos de Neotomodon alstoni exhiben cuidado paterno en cautiverio. Por lo tanto, probamos la hipótesis de que la presencia del macho en el nido durante los períodos del posparto y destete influyeron en el cuidado materno y promovieron el crecimiento y supervivencia de la descendencia. Parejas cautivas de Neotomodon alstoni fueron mantenidas en el nido hasta el destete de los descendientes, mientras que en otras parejas el macho fue removido poco despues del nacimiento de la camada. La presencia del macho durante períodos de amamantamiento tuvo un impacto negativo sobre el tiempo que las hembras dedicaron a agrupar a la camada. En presencia del macho, las hembras limpiaron y olieron a la camada menos frecuentemente que las hembras que criaron a la camada en ausencia del macho. La supervivencia de los descendientes (84%) y su crecimiento (20.6 6 4.7 g) fueron significativamente mayores cuando ambos padres criaron a la camada. Los machos proporcionan cuidado adicional a los descendientes, permitiendo que la calidad del cuidado materno fuera mayor durante la crianza.
